The dependence of the optical band gap of InN x Sb 1−x and GaN x Sb 1−x on nitrogen content has been calculated using an sp 3 s* tight-binding Hamiltonian in large supercell calculations that explicitly include the effects of allowing a random distribution of nitrogen atoms. We calculate for InNSb that the energy levels associated with nitrogen complexes consisting of two or three atoms mostly lie above the InNSb conduction band edge ͑CBE͒. The steady reduction in the band gap of InNSb with increasing N composition is then well described using a two-level band-anticrossing model. The calculated effective mass of electrons in InNSb also smoothly decreases with composition, as predicted by the band-anticrossing model, due to the steady closure of the band gap and weak mixing with the N states. For GaNSb the situation is dramatic: the band gap and optical properties are shown to be strongly affected and highly sensitive to the distribution of the nitrogen atoms. We find that there is a wide distribution of N levels lying close to and below the CBE. The higher-lying N states push the CBE down in energy, as in GaAs, but the large number of lower-energy N states mix in strongly with the conduction band edge states, severely disrupting the band edge dispersion in GaNSb.
I. INTRODUCTION
The electronic structure of dilute nitride alloys such as GaN x As 1−x and GaN x P 1−x has attracted considerable interest, both from a fundamental perspective, and also because of their potential device applications. 1 Replacing a small fraction of P atoms by N introduces a series of N-related defect states into the band gap of GaP, below the conduction band minimum. By contrast, when a small fraction of As atoms are replaced by N in GaAs, the energy gap initially decreases rapidly. This has been attributed to a band-anticrossing ͑BAC͒ interaction between the host matrix conduction band edge ͑CBE͒ and N-related defect levels above the CBE. 2 To date, most interest has focused on dilute nitride arsenide and phosphide alloys, with comparatively little analysis undertaken of the dilute nitride antimonide alloys, InN x Sb 1−x and GaN x Sb 1−x .
InSb has the smallest energy gap of any III-V semiconductor, and it has been proposed 3 and demonstrated 4 that the addition of N to form InNSb can give a zero-gap semiconductor. GaNSb is also being considered as a potential emitter for wavelengths both at and beyond the 1.5 m telecommunication range. 5 We use the tight-binding method we have previously established for GaNAs ͑Ref. 6͒ and GaNP ͑Ref. 7͒ to investigate here the band structure of dilute InN x Sb 1−x and GaN x Sb 1−x alloys. It is well established that N-related defect states are found below the lower of the X-and L-related conduction band levels in GaAs, InAs, and GaP. We show here that this is also the case in InSb and GaSb. Because there is a large separation between these levels and the ⌫ conduction band minimum in InSb, we find that the N-related defect levels tend to be well above the CBE in InNSb. A comparison to the tight-binding calculations presented here shows that the two-level BAC model initially introduced to describe the band gap variation in GaNAs gives a good description of the dependence both of the energy gap and of the conduction band dispersion on N composition in InNSb. By contrast, the lowest X-and L-related conduction band states are closer to the ⌫ conduction band minimum in GaSb than is the case in any of GaAs, InAs, or InSb. Our calculations show that the band structure of GaNSb is intermediate between that of GaAs and GaP. We find that N-related defect levels occur both above and below the CBE in GaSb: the large number of lower-energy N states lead to a strongly disordered band structure close to the CBE in GaNSb.
The paper is organized as follows. The sp 3 s * tight-binding Hamiltonian which we use is described in Sec. II, with the main results then presented in Sec. III. Because disorder plays such an important role, we present 1728-atom supercell calculations, investigating the lowest conduction band states both as a function of increasing N composition ͓0% Ͻ x Ͻ 1.7% ͑3.8%͒ for InSb ͑GaSb͔͒ and also as a function of increasing short range correlations in the N distribution. We find for InSb that such correlations have relatively little effect on the conduction band minimum, but that the assumed distribution of N atoms strongly influences the results of the GaNSb supercell calculations. We then discuss the consequences of our calculations for randomly disordered InNSb and GaNSb alloys, with the summary and conclusions of our work presented in Sec. IV. equilibrium values using the GULP molecular relaxation package 8 and a parametrized valence force field model, 9,10 while using Végard's law to vary the unit cell basis vectors as a͑x͒ = xa XN + ͑1−x͒a XSb ͑X =In,Ga͒. In this model, we used the Keating 9 bond-stretching ͑␣͒ and bond-bending ͑␤͒ force constants of Ref. For the N-III-Sb three-body bond-bending terms, we simply take the average of the two relevant values of ␤. Previous work on GaAsN has shown that the relaxed bond lengths calculated using this approach are in good agreement with those obtained from ab initio calculations. 12 The on-site orbital energies for each atom are determined by taking an average of the corresponding value in each binary compound made up by the given atom and its four nearest neighbors, with a further minor adjustment due to changes in the next-nearestneighbor shell. For the interatomic interaction energies, we take the values for the two atoms in the equivalent binary compound and adjust for lattice distortion: the interaction energies are assumed to vary as ͑d 0 / d͒ n , where d 0 is the equilibrium bond length in the binary compound, d is the bond length after relaxation in the alloy, and n is a scaling exponent, which can take a different value for each type of orbital combination. The effects of changes in bond angle are taken into account by using the two-center integral expressions of Slater and Koster. 13 The scaling indices are determined by fitting the bond length dependence of the InSb, InN, GaSb, and GaN nearest-neighbor interaction parameters to a range of their respective hydrostatic deformation potentials. 6 The self-energy and interatomic interaction parameters used in the model are taken from Vogl 14 in the case of InSb and GaSb, while those for InN and GaN were derived by fitting to data from pseudopotential band structure calculations of the zincblende structures. 12, 15 Table I lists the tight-binding parameters used for the binary compounds, while Table II shows the calculated indices n ␣␤ used to describe the distance dependence of the interatomic interactions between orbitals ␣ and ␤ on neighboring atoms. Table III compares the band gap deformation potentials calculated using the indices in Table II with literature values for the deformation potentials. 
III. RESULTS AND DISCUSSION
The two-level BAC model explained the extreme band gap bowing observed in GaN x As 1−x in terms of an interaction between two levels: one at energy E c associated with the extended CBE state c0 of the GaAs matrix and the other at energy E N associated with the localized N impurity states N , with the two states linked by a matrix element V Nc describing the interaction between them. 2 The CBE energy E − of GaN x As 1−x is then given by the lower eigenvalue of the determinant
with the magnitude of the interaction matrix element varying with N composition x as x 1/2 , V Nc = ␤x 1/2 . In this model, the interaction matrix element V Nc mixes N-like character into the CBE level and also mixes CBE ⌫ character into a higherlying state E + , with the energies of the states E − and E + then given by
and with the alloy CBE wave function given by − = ␣ c c0
2 of the E − state provides a useful measure of how much the N-related states perturb the CBE wave function. 23 From the k · p method, the effective mass at the CBE increases with increasing energy gap and is inversely proportional to the modulus squared of the momentum matrix element linking the CBE state with the valence band zone center states. Mixing N character into the E − state reduces this matrix element, and the alloy conduction band edge effective mass m alloy * is then inversely dependent on the magnitude of f ⌫ . 25 In practice, the two-level BAC model provides only an idealized description of the CBE state in GaNAs because it ignores the distribution of N-related defect states in the alloy. It is well established that when a single N atom replaces an As atom in GaAs, it forms a resonant defect level above the conduction band edge of GaAs. 26, 27 However, the alloy can also contain clusters of N atoms, such as N-N nearestneighbor pairs, where a single Ga atom has two N neighbors ͓denoted by N 2 ͑110͔͒, as well as larger clusters, some examples of which are depicted in Fig. 1 . There are in total five different types of three-atom clusters: three of these introduce a defect level below the lower energy N 2 ͑110͒ level, while strain relaxation in the other two cases causes the lowest cluster defect level to be above this level.
28 Figure 1 illustrates the three types of 3N atom clusters which give rise to the lower energy defect levels, as well as an example of one 4N atom cluster, which introduces a defect level below the three-atom cluster levels. In a random alloy, the number of such clusters markedly increases with increasing N composition, with the detail of the cluster distribution strongly influencing the alloy conduction band dispersion. 23, 28, 29 To investigate the role of N in InNSb and GaNSb alloys, we have used the TB Hamiltonian described in the previous section to calculate the band structure of a range of different 1728-atom X 864 N M Sb 864−M supercells ͑X =Ga,In͒, with four different configurations ͑i =1-4͒ of N atoms considered for each nitrogen composition M. Previous work on ultralarge GaN x As 1−x supercells containing a statistical distribution of N atoms calculated using the TB based linear combination of isolated N states ͑LCINS͒ model 23 has shown that aside from isolated N atoms the five N complexes in Fig. 1 have the most important effect on the CBE as a function of x because of their energy relative to the isolated level and also to the CBE. Table IV lists the average number of isolated N atoms and of each of these clusters expected in a 1728-atom supercell for the different N compositions studied. It can be seen that it is impossible to exactly reproduce the average cluster composition in a single supercell calculation. The five N complexes from Fig 
Geometries of elementary nitrogen complexes introduced in Figs. 2 and 3 and referred to in the text and in Table  IV . N atoms are indicated by the black solid points. = 3.70% ͒, with the same four i arrangements of N atoms used for InNSb also used for GaNSb for M = 3, 6, and 14. For each value of M, the label i = 1 refers to the supercell with the smallest number of N clusters included in the calculation: only isolated N atoms and second and/or further neighbor pairs are included for i = 1 in all cases other than for M = 32. We define an isolated N atom ͑denoted N 1 ͒ as one where there are no N atoms occupying any one of its ͑1,1,0͒ second neighbor sites; i.e., all 12 of its second nearest neighbors are host group-V atoms. The energy of an isolated N atom can be perturbed by other N atoms which are close by, but which are not immediate second neighbors. To monitor the effect of these more distant interactions, we also note in Table V the minimum separation between N atoms in each structure where only isolated N atoms are included. Increasing numbers of larger N clusters are included with increasing i, through to i = 4 having the greatest number of larger N clusters. The clusters include the N 2 ͑110͒ clusters depicted in Fig. 1͑a͒ and, depending on M, an increasing number of 3N clusters ͓depicted in Figs. 1͑b͒-1͑d͔͒ and ͑for M = 32, x = 3.70% only͒ a 4N cluster of the type depicted in Fig. 1͑e͒ . Our calculations are set up so that the random alloy distribution lies closest to that assumed for i = 1 and i = 2. Table V summarizes the specifications of the supercell configurations considered in this work, the band structures of which are presented in Figs. 2 and 3 . Figures 2 and 3 show, respectively, the calculated conduction band structure of the different InNSb and GaNSb supercells considered. We also include for comparison at the bottom left of each figure the band structure of the host binary compounds InSb and GaSb. The right hand panel for each value of i and M shows the band dispersion calculated along the k z direction between the supercell zone center and Brillouin zone edge. The left hand panel shows how the host ⌫ 1c state, c0 , is distributed over the alloy states j at the ⌫ point, with
We consider first the influence of isolated N atoms on the band dispersion in the ultradilute alloys. Figure 2 ͑M =3, i =1͒ shows that the inclusion of three isolated N atoms into a 1728-atom supercell ͑x = 0.35% ͒ introduces three N-related levels centered around 0.75 eV above the valence band maximum and therefore lying ϳ0.55 eV above the CBE. This is twice the energy separation of ϳ0.25-0.30 eV between the isolated N level and the CBE in GaNAs. There is a small 30 meV reduction in the CBE energy E − of the alloy compared to that of InSb ͓Fig. 4͑a͔͒. The CBE is only slightly perturbed from that of InSb, retaining over 95% host ⌫ 1c character ͓Fig. 4͑b͔͒. The calculated effective mass is slightly lower than that of InSb due to the reduction in energy gap more than compensating for the reduced CBE ⌫ 1c character ͓Fig. 4͑c͔͒. The three levels centered at ϳ0.75 eV originate from a combination of three highly localized s-like impurity states, each associated with one of the N atoms. One of these levels ͓identified with E + in Eq. ͑2͔͒ is shifted upward to a slightly higher energy and has around 5% ⌫ 1c character. This level is made up of a symmetric combination of the s-like impurity states centered on each N atom, which interact with the host ⌫ 1c state to give the E + state. Turning to GaNSb ͓Fig. 3 ͑M =3, i =1͔͒, we again see that the introduction of a small number of isolated N atoms leads to the formation of localized defect levels in GaSb, similar to those in GaNAs and InNSb, and which have a similar though more dramatic effect on the CBE. The key change is in the relative positioning of the N levels and the CBE in GaNSb. The isolated N level is calculated to be almost degenerate with and to have a large interaction matrix element with the GaSb CBE. This can be clearly seen in Fig. 3 ͑M =3, i =1͒ , where two closely spaced N levels are found at 0.77 eV, while the symmetric combination of localized N states strongly interacts with the host CBE to give approximately equal f ⌫ character on the alloy CBE state ͑E − ͒ and on the E + level. We therefore find a strong redshift in the CBE energy, with ϳ50% drop in f ⌫ and an almost 50% enhancement in the band edge mass ͑Fig. 4͒. Here, in contrast to InSb, the reduction in f ⌫ is then the dominant factor contributing to the change in effective mass.
We next consider the dependence of the band structure on the density of isolated N levels. Moving down the i = 1 series in Fig. 2 , we see classical BAC behavior as the number of "isolated" N atoms in the InNSb supercells increases from 3 to 14. An increasing number of N levels appear in the region of 0.75 eV, which is consistent with the number of isolated N atoms. These levels also broaden out over a 100 meV range due to medium-range interactions between the increasing density of isolated N atoms. One of the N levels in each case has a small amount of ⌫ 1c character and is split off from the main group to a higher energy. This E + state shifts upward to higher energy and its f ⌫ character increases as the interaction V Nc increases with x. We also observe a steady reduction in both the CBE energy and its ⌫ 1c character with x, while the conduction band effective mass close to the ⌫ point becomes steadily lighter as the conduction band shifts down toward the valence band. 
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0.8 Table V . The band dispersion is calculated for T = 0 K along the k z direction with levels relating to various types of N complex states ͑defined in the text͒. The left hand side of each band structure shows the distribution of fractional InSb ⌫ 1c character ͑f ⌫ ͒ across the states at k =0. L refers to InSb L 1c levels, which, in these supercells, are folded back at the ⌫ point. E − is the CBE and E + is identified with E + in Eq. ͑2͒.
Qualitatively, the same behavior is observed in the i =1 series in Fig. 3 for GaNSb, where we consider isolated N atoms only for M = 3 -14. The E − ͑E + ͒ level moves to lower ͑higher͒ energy with increasing x. The N band shows similar broadening to the InNSb case. The calculated band edge mass starts to decrease beyond M = 3 due to the continued reduction of the energy gap and due to f ⌫ remaining approximately constant at ϳ0.5 with increasing x ͑Fig. 4͒. There is one noteworthy difference compared to InNSb, namely, that the calculated E + state starts to break up dramatically with increasing M, as it is pushed up in energy into the region of L-related host states, with which it strongly hybridizes. We conclude that the two-level BAC model therefore effectively describes the band dispersion in dilute XNSb ͑X =In,Ga͒ al- 
0.8 Table V . The band dispersion is calculated for T = 0 K along the k z direction with levels relating to various types of N complex states ͑defined in the text͒. The left hand side of each band structure shows the distribution of fractional GaSb ⌫ 1c character ͑f ⌫ ͒ across the states at k =0. L refers to GaSb L 1c levels, which, in these supercells, are folded back at the ⌫ point. E − is the CBE and E + is identified with E + in Eq. ͑2͒. loys containing only isolated N atoms. From the band structure calculations, we can extract the value of the BAC coupling matrix element V Nc = ␤x 1/2 to describe the interaction between the host CBE and the higher-lying N level. We calculate ␤ = 2.0 eV for InNSb, similar to that obtained in full TB calculations on GaNAs, and ␤ = 2.4 eV for GaNSb. We estimate, based on the calculations in Fig. 2 and further calculations, that the incorporation of N in InN x Sb 1−x will lead to a zero-gap semiconductor for x տ 2.7% at T =0 K.
Having established that a BAC model can be used to describe the band structure when we include only isolated N atoms, we now turn to consider the effects of N correlations on the band structure at the lowest N concentration considered here, M =3 ͑x = 0.34% ͒. Comparing Fig. 2 ͑M =3, i =1͒ to Fig. 2 ͑M =3 , i =2͒, we calculate that for distances between N atoms greater than ͑2,2,0͒ the N atoms are effectively independent of one another: little difference can be seen between the two band structures, and in particular the three N levels at ϳ0.75 eV are very similar in both panels. This is also the case for the equivalent GaNSb structures ͓Fig. 3 ͑M =3, i =1͒ and Fig. 3 ͑M =3 , i =2͔͒. Figures 2 and 3 ͑M =3, i =3͒ show the calculated band structure when we include in the supercell a N 2 ͑220͒ pair, where two N atoms are placed on opposite corners of one side of the FCC unit cell of Fig. 1 . We see that the interaction between the two N atoms starts to perturb the distribution of N-related defect levels, with the introduction of two new defect levels, which can be described as a symmetric ͓N 2 + ͑220͔͒ and an antisymmetric ͓N 2 − ͑220͔͒ combination of the isolated N defect levels. Finally, we see from M =3, i = 4 the effect of introducing an isolated N atom and a N-N pair ͓N 2 ͑110͒, Fig. 1͑a͔͒ into the supercell. The N 2 ͑110͒ pair introduces two defect levels, with even ͑ϩ͒ and odd ͑Ϫ͒ symmetries, which are related to the levels in Fig. 2 ͑M =3 , i =4͒ at 0.54 and 0.84 eV, respectively, and at 0.50 and 0.85 eV, respectively, in Fig. 3 ͑M =3, i =4͒. For InNSb, the introduction of this N-N pair has little influence on the band dispersion near the CBE, with little observed change in energy gap or CBE effective mass. The concentration of N-N pairs in supercell ͑M =3, i =4͒ is around an order of magnitude greater than what would be expected in a random alloy with x = 0.34% so that the twolevel BAC model should remain appropriate to describe the CBE in this case. By contrast, the introduction of a N 2 ͑110͒ pair strongly modifies the band structure of GaNSb near to the conduction band minimum. There is now significant ⌫ character on two of the lower-lying conduction levels in Fig.  3 ͑M =3, i =4͒, the lower of which has also strong N 2 + ͑110͒ character. As a result the CBE cannot be fitted to a two-level BAC model in this case. Statistically, we would expect far fewer N 2 ͑110͒ pairs in a random GaNSb alloy for x = 0.34%, but given that the pair states determine the lowest conduction levels in Fig. 3 ͑M =3, i =3,4͒, they will still strongly modify the band structure and must be explicitly included in any model of the electronic properties of this alloy.
In a random alloy, the number and average size of N clusters increases with increasing N composition x. Considering the i = 4 series, which contains the highest proportion of N clusters at each x, we observe in Figs. 2 and 3 an increasing number of new levels appearing below the isolated N level due to the introduction of larger N clusters with increasing N concentration ͑increasing x͒. We see in Fig. 2 that because of the large energy separation between the isolated N-related levels and the CBE, the lower energy states associated with the N clusters do not in general have a significant effect on the InNSb CBE. Figure 4͑a͒ shows that the CBE energy smoothly decreases with increasing N composition x for the different structures considered in Fig. 2 . This is also true for the fractional ⌫ character f ⌫ and for the CBE effective mass ͓Figs. 4͑a͒ and 4͑b͔͒. Of the 16 structures considered, there are only two cases where a N-related defect level has a significant influence on the CBE energy and its f ⌫ character, namely, M = 6 and M =14 ͑both i =4͒, where the N 3 + ͑C͒ level at about 0.42 eV and the N 3 + ͑A͒ level at 0.26 eV, respectively, strongly mix with the CBE state, reducing its ⌫ character, and pushing the CBE to lower energy compared to the other structures considered. For both cases, the number of N 3 clusters in the 1728-atom supercell is at least an order of magnitude greater than would be expected in a random alloy. We therefore expect these states to have a much weaker effect near the conduction band minimum in a random alloy. The two-level BAC model should therefore provide a good description of the variation with composition x of the CBE energy and the band edge effective mass in InN x Sb 1−x .
This conclusion is supported by the available experimental data. There have been relatively little data reported concerning the dependence of the energy gap on N composition x in InN x Sb 1−x . Part of the difficulty in determining the band gap is that both InSb and InN x Sb 1−x tend to have a large intrinsic electron concentration 4 so that the Moss-Burstein shift then makes it difficult to determine the fundamental energy gap. We estimated above that the incorporation of N into InNSb will lead to a zero-gap semiconductor for x Ͼ ϳ 2.7% at T = 0 K. A zero-gap band structure has been reported for InN x Sb 1−x with x = 6%, with the conduction band minimum estimated to be ϳ255 meV below the valence band maximum at room temperature at this composition. These numbers are consistent with our analysis here. The conduction band dispersion has also been measured by cyclotron resonance in pulsed magnetic fields up to 150 T, allowing the dispersion to be probed over a wide energy range. 31 These results directly demonstrated the band anticrossing, with the measured results in good quantitative agreement with theoretical calculations for a value of x Ͻ 1%. Overall, we conclude that the two-level BAC model is therefore appropriate to describe the conduction band dispersion in InN x Sb 1−x .
By contrast, Figs. 3 and 4 show that the two-level BAC model of Eq. ͑1͒ is not appropriate to describe the band dispersion in GaNSb. We saw in Fig. 3 ͑M =3, i =1͒ that the isolated N defect level is almost degenerate with the GaSb CBE energy at T = 0 K. Because the N cluster state levels lie below the GaSb CBE energy, we find that the specific distribution of N levels then strongly influences the calculated CBE energy and effective mass for the GaN x Sb 1−x supercell structures considered in Fig. 3 . The GaNSb results presented in Figs. 3 and 4 include the case of x = 3.70% to investigate the band structure for a GaNSb alloy whose energy gap is close to that of InSb. This higher N composition leads to an increased number of larger N clusters in a random alloy. We find that there is strong hybridization between the host band states and pair and/or cluster defect levels lying close to the band edge over the full range of x considered here. For each composition, the calculated energy gap and its f ⌫ character strongly depend on the assumed distribution of N atoms.
The square red data points in Fig. 4͑a͒ compare the measured room temperature change in the energy gap of a series of GaN x Sb 1−x epilayers 30 with the calculated variation of the CBE energy in our tight-binding calculations. The valence band edge E v approximately shifts upward as E v = E v0 + 0.13x eV in our calculations. The experimental energy gaps have consequently been shifted by 0.13x eV to compare to the calculated variation in the CBE energy. The calculated and measured shifts are of comparable magnitude over the limited composition range for which there are experimental data available. The strong hybridization between N cluster levels and the conduction band edge will have significant consequences for the electronic and optical properties of GaNSb. We estimate below that there will be an order of magnitude more N resonant states close to the CBE in GaNSb compared to GaNAs. The N cluster states contribute to the observed inhomogeneous broadening of the absorption spectrum in GaNAs ͑Ref. 32͒ and also contribute to the strong carrier localization effects observed at low temperature in microphotoluminescence experiments. 33 These effects should be even more dramatic in the case of GaNSb. In addition, the N resonant states severely limit the electron mobility in GaNAs, 34 giving an intrinsic electron mobility of order 100 cm 2 V −1 s −1 . The high density of N clusters in GaNSb should have an even stronger effect on the mobility. It has been proposed that the low electron mobility and high electron mass could make GaNAs particularly suited as the multiplication region in avalanche photodiodes operating at telecommunication wavelengths. 35 This should also be the case for GaNSb. Overall, we conclude that defect levels associated with N clusters will play a dominant role in determining the lowest conduction band structure of GaNSb, leading to strong inhomogeneous broadening of the band edge, and a low electron mobility. 23, 29, 34 The calculations presented here and previous work on GaNAs show that there are two main factors which determine the extent of hybridization between the host band states and pair and/or cluster defect levels that lie close to the band edge:
͑a͒ the energy levels of some basic key N clusters and where they lie in relation to the initial CBE energy and ͑b͒ the rate at which the CBE moves down in energy with x.
In GaNAs for example, which has properties intermediate between those of InNSb and GaNSb, the CBE passes through the N 2 + ͑110͒ level at low temperatures at x ϳ 0.2%. We estimate a concentration x 2 of N 2 ͑110͒ pairs at this composition of x 2 Ϸ 2 ϫ 10 −3 % using the approximation for a random alloy that x 2 Ϸ 6x 2 . We calculate that the CBE then passes through the N 3 + ͑C͒ level at x ϳ 0.8%, for which composition x 3 ͑C͒Ϸ1 ϫ 10 −3 % ͓where we assume the concentration of N 3 ͑C͒ clusters, x 3 ͑C͒, varies as 24x 3 ͔, and passes through the N 3 + ͑B͒ level at x ϳ 2%, where x 3 ͑B͒Ϸ5 ϫ 10 −3 % ͓using x 3 ͑B͒Ϸ6x 3 ͔, before finally passing through the N 3 + ͑A͒ level at x ϳ 4%, where x 3 ͑A͒Ϸ0.03% ͓using x 3 ͑A͒Ϸ4x 3 ͔. These different N cluster levels then lead to a well-defined nonmonotonic variation of the measured low temperature CBE mass with increasing N composition in GaN x As 1−x . For InNSb, we calculate that the N 2 + ͑110͒ level lies ϳ0.3 eV above the host CBE, and therefore has little influence on the CBE mass for any x. Of the states which were key to determine the band edge mass in GaNAs, we calculate that only the N 3 + ͑A͒ level initially lies below the InSb CBE in the band gap, shifting into the conduction band at x ϳ 0.3%. At this composition, the concentration of N 3 ͑A͒ clusters is only x 3 Ϸ 1 ϫ 10 −5 % in a random alloy. This is about 2 orders of magnitude smaller than the concentration of N 2 ͑110͒ pairs in GaNAs at a similar x. Hence, we conclude that the band dispersion of InNSb should be well described by a two-level BAC model, with N cluster states having little effect on the observed band structure at the conduction band minimum.
By contrast, if we use the two-level BAC parameters derived from Fig. 3 ͑i =1͒ then the GaNSb CBE passes through the N 2 + ͑110͒, N 3 + ͑C͒, N 3 + ͑B͒, and N 3 + ͑A͒ levels at x ϳ 1.2%, 2.2%, 3.3%, and 4.4%, respectively. At these compositions, we calculate x 2 Ϸ 0.09%, x 3 ͑C͒Ϸ0.03%, x 3 ͑B͒Ϸ0.02%, and x 3 ͑A͒Ϸ0.03%. These concentrations are generally an order of magnitude larger than the corresponding ones in GaNAs. We conclude therefore that the CBE character of GaNSb will be dominated by the presence of N-related defect levels. These will mix strongly with the GaSb host ⌫ conduction band states and should give a broad series of optically active defect-related transitions. We conclude that the electronic properties of GaNSb will be intermediate between those of GaNAs, where a small number of N-related cluster states are approximately degenerate with the CBE, and GaNP, where the electronic properties are dominated by an increasing density of N-related defect states below the conduction band minimum.
Finally, we note the effect that nitrogen has on the upper valence bands of InNSb and GaNSb. We see from Figs. 2 and 3 that the heavy-hole valence band remains largely unaffected by N for both InNSb and GaNSb. However, it is evident from Fig. 2 and Fig. 3 ͑for M =32͒ that the light-hole ͑LH͒ valence band is significantly affected by the introduction of N. Because InSb is a narrow band gap semiconductor, the effect of reducing the band gap through the introduction of nitrogen is both to modify the LH band edge effective mass and also to increase significantly the nonparabolicity of the LH band. This change in LH dispersion is expected to modify the energy dependence of loss mechanisms such as Auger recombination 36 and so must be taken into account in models of InNSb-based materials and devices. This can be achieved by extending the standard eight-band k · p model to a ten-band k · p model that includes the coupling between the nitrogen levels and the conduction band edge. 6, 37 For GaNSb, high concentrations of nitrogen also significantly modify the LH band dispersion. However, it is more difficult to model this effect with a modified k · p model due to the strong dependence of the conduction band structure on the assumed N distribution.
IV. CONCLUSION
In summary, the electronic structure of various InN x Sb 1−x and GaN x Sb 1−x alloys ͑x ഛ 3.7% ͒ has been presented and discussed in detail. We find that N-related defect levels will generally lie well above the conduction band minimum in InNSb, with the band dispersion of InNSb then well described by a two-level band-anticrossing model. We estimate that the incorporation of N in an ideal InNSb alloy should allow a zero-gap III-V semiconductor for x տ 2.7% at low temperature. By contrast, the calculated electronic structure of GaN x Sb 1−x supercells strongly depends on the assumed distribution of N atoms within the supercell, with N-related defect levels strongly perturbing the lowest conduction band states and energy gap. This should lead to strong inhomogeneous broadening and localization effects due to N-related defect levels close to the conduction band minimum in GaNSb. Overall, we find that details of the lowest conduction band states in dilute nitride alloys are dominated by the relative energy of the N-related defect levels and the host matrix conduction band edge. We conclude that the distribution of N states has an increasingly large effect as the states shift down in energy relative to the host matrix CBE on going from InSb to GaAs to GaSb and finally to GaP.
